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INTRODUCTION 


Section  1 


INTRODUCTION 

In  October  1980,  ITT  Gilfillan  was  tasked  to  perfornua  nine-month  Flat 
Trajectory  Study  under  the  BOA  Contract  DAAB07-77-A640.  'This  effort  was  to 
include  a  one-month  test  program,  an  analysis  of  the  result,  a  final  report 
disclosing  the  results  of  the  test  and  study,  and  also  a  set  of 
recommendations  to  modify  the  ARBAT  System  for  use  as  a  test  instrument  for 
testing  of  tank/antitank  munitions.  The  report  herein  consists  of  the  Flat 
Trajectory  Study  Final  Report. 

The  goal  of  the  Flat  Trajectory  Study  was  to  evaluate  the  capabilities 
of  the  current  ARBAT  Radar  System  being  used  for  testing  tank/antitank 
munitions  and  to  make  recommendations  as  to  the  hardware,  software,  and 
operational  procedures  which  would  facilitate  use  of  the  ARBAT  System  as  a 
standard  instrumentation  radar  for  tank/antitank  munitions  testing.  This 
goal  has  been  satisfactorily  met.  The  Flat  Trajectory  testing  and  study 
resulted  in  determining  that  the  ARBAT  Radar  System,  in  its  then  current 
configuration  could  be  used  with  the  current  procedures  for  tank/antitank 
munitions  testing.  However,  a  procedure  change  was  recommended  which 
facilitated  the  use  of  the  AR8AT  System  for  tank/antitank  munitions  testing 
instrumentation.  An  additional  set  of  hardware  and  software  changes  are 
suggested  that  would  increase  the  current  capability  of  the  ARBAT  System  for 
Low  Trajectory  testing. 

1.1  ARBAT  RADAR  SYSTEM  \ 

\  — ^ 

The  ARBAT  (Application  of  Radar  to  Ballistic  Acceptance  Testing  of 
ammunition)  program  has  been  directed  toward  achieving  substantial 
improvements  in  artillery  ammunition  testing.  ^Ballistic  ammunition  testing, 
until  recently,  has  been  accomplished  with  ifl?tcymentation  only  at  or  near 
the  gun  site  by  pressure  gauges,  velocity  coils,  nTgh -speed  framing  and/or 
streak  cameras.  Terminal  ballistic  data  could  be  gathered  only  by  visual 
and  aural  observation. 

Recently,  limited  radar  coverage  of  in-flight  and  terminal  effects  were 
available,  using  modified  surplus  Army  radar  equipment  or  highly  specialized 
radars  intended  only  for  a  particular  test  requirement.  The  results  from 
such  testing,  while  both  gratifying  and  continuing,  have  also  clearly 
indicated  the  potentially  great  value  of  a  radar  system  specifically 
designed  to  monitor  ballistic  tests  of  a  wide  variety  of  ammunition  items. 

The  available  radar  systems,  being  of  older  design  and  using 
mechanically  controlled  antennas,  have  significant  limitations  such  as  the 
following: 

a)  Angular  velocity  and  acceleration  too  slow  to  intercept  and  track 
high-speed  projectiles  within  the  permissible  radar  siting 
geometries. 
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b)  Most  of  these  radars  were  either  pulse  or  CW  Doppler  type, 
therefore  the  radars  were  limited  to  either  a  partial  trajectory 
only,  or  radial  velocity  data  capability. 

c)  The  systems  did  not  perform  well  and  in  some  cases  could  not 
operate  at  all  in  the  high  clutter  and  multipath  environment 
typical  to  low  trajectories  and  for  all  trajectories  near  launch 
and  impact  points. 

d)  Generally,  relatively  low  accuracy  data  were  obtained. 

The  AR8AT  Radar  System  was  designed  to  provide  instrumentation  for 
ballistic  acceptance  and  R&D  test  programs  on  Government  proving  grounds. 
ARBAT  was  also  designed  to  support  all  currently  produced  and  anticipated 
future  ammunition  items  including  artillery  projectiles,  mortar  rounds  and 
rockets.  The  ARBAT  System  is  of  special  importance  to  the  modern,  more 
sophisticated  ammunition  items,  requiring  extensive  instrumentation  support 
such  as  the  following  four  types: 

a)  Rocket  Assisted  Projectiles  (RAPs) 

b)  Improved  Coventional  Munitions  (ICMs),  or  cargo-carrying  projectiles 

c)  Tank/Antitank  Munitions 

d)  Guided  Projectiles 

During  ballistic  tests  ARBAT  is  designed  to  measure  all  vital 
characteristics,  such  as  space  position  and  velocity,  true  velocity,  radar 
cross  section  (res)  and  the  timing  and  space  position  of  special  events. 
Data  outputs  are  available  in  both  real  or  near  real  time. 

Because  ARBAT  provides  processed  output  data  in  real  time  or 
immediately  after  the  test  firings,  data  concerning  the  performance  of 
ammunition  is  immediately  available  to  ammunition  designers  and 
manufacturers,  thus  permitting  rapid  elimination  of  problems  and/or 
improvement  of  performance. 

The  ARBAT  program  objectives  are  as  follow: 

a)  Early  projectile  acquisition 

b)  Track  complete  trajectory  (to  0.5  degree  of  radar  horizon) 

c)  Track  wide  variety  or  rounds 

15  km  -  small  rounds 
30  km  -  larger  rounds 

d )  Accuracy 

Range  -  0.05  percent  of  Range 

Velocity  -  1  m/sec 

az/el  -  2  millirad 

res  -  2  dB  variation 
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e)  Detect,  monitor,  record  events 

f)  Data 


-  Display  -  real  time  with  hard  copy 

Recorded  -  near  real  time  analysis 

Printout  -  event  parameters  and  sequential  trajectory  data 

g)  Multiple  sequential  firing  site  coverage 
1.2  BACKGROUND 


As  a  result  of  anticipated  increasingly  sophisticated  future  testing 
requirements,  ARRADCOM  initiated  a  program  to  develop  an  advanced  radar 
system  intended  specifically  for  ballistic  acceptance  testing  of 

ammunition.  As  a  result  of  initial  analysis,  ARRADCOM  and  TECOM,  in 
conjunction  with  other  Government  agencies,  determined  that  no  existing 
radar  (military  or  commericial ) ,  in  unmodified  form,  could  satisfy  the 

future  long  term  needs  of  ballistic  testing  at  proving  grounds. 

A  study  contract  was  awarded  to  MITRE  Corporation  in  1971  to 

investigate  various  alternatives  and  propose  a  system  approach  based  on 

Government  testing  requirements.  As  a  result  of  that  study,  MITRE 
Corporation  proposed  a  baseline  design  for  a  new  radar  system  with  the 
following  features: 

a)  Coherent  pulse  radar  system 

b)  Operating  in  C-  or  X-bands 

c)  High  clutter  cancellation  capability 

d)  Antenna  with 


1)  Electronic  beam  steering  (with  mechanical  assist) 

2)  Narrow  pencil  beam 

3)  Low  si delobes 


e)  Digital  signal  and  data  processing 

f)  Real  time  data  display 
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A  design  study  contract  was  awarded  to  ITT  Gilfillan  (ITTG)  in  1972 
based  on  a  Government  Specification  resulting  from  the  MITRE  study.  A  final 
report  and  drawing  package  was  developed  during  this  design  study  effort. 
The  final  report  also  defined  a  multiphase  program  which  scheduled  fabrica¬ 
tion  of  the  antenna;  followed  by  fabrication,  testing  and  documentation  of 
the  other  major  system  elements.  In  1973,  ITT  Gilfillan  was  awarded  a 
contract  to  fabricate  an  X-bana  phase/frequency  scan  antenna  for  AR6AT 
system. . 

In  1975  there  were  more  radar  systems  in  design  which  had  not  been 
available  during  the  early  phases  of  the  program.  Therefore,  ARRADCQM 
decided,  in  late  1975,  to  continue  the  program  using  a  competitive 
approach.  The  objective  was  to  assure  the  best  possible  combination  of 
system  performance  at  the  least  cost  to  the  Government.  This  approach 
resulted  in  a  Sept.  ‘76  award  to  ITT  Gilfillan  of  an  incrementally  funded 
contract.  This  program  was  concluded  with  a  series  of  demonstration  tests 
in  October  1979. 

In  general,  it  can  be  stated  that  the  test  results  verified  the 
feasibility  of  the  approach  selected.  Although  all  objectives  were  not 
tested,  further  effort  was  recommended  that  would  lead  to  a  system  which 
will  fully  provide  the  necessary  capabilities  for  future  Government  Proving 
Ground  test  activities. 

Among  the  recommendations  for  further  effort  to  test  and  enhance  the 
ARBAT  System  were  four  separate  programs. 

1)  The  continuing  program  for  the  "Operation  and  Maintenance"  (O&M)  of 
the  ARBAT  System  at  Yuma  Proving  Grounds  (YPG)  for  further 
evaluation  of  the  system's  usefulness  as  a  proving  ground  test 
instrument. 

2)  A  Flat  Trajectory  Study  to  determine  the  possible  usage  of  the 
ARBAT  System  as  a  test  instrument  for  the  specific  application  of 
tank/antitank  munitions  testing. 

3)  A  Program  Enhancement  Program  (PEP)  to  increase  the  capabilities  of 
the  ARBAT  System  for  current  and  predicted  (near  future)  test 
applications. 

4)  A  RETROFIT  Program  to  replace  the  GFE  subsystem  elements  with 
reliable  and  maintainable  equipment  capable  of  operation  for  the 
next  5-10  years. 

In  January  1980,  ITT  Gilfillan  received  an  Operations  and  Maintenance 
Contract  0AA001 -80-C-0006  for  the  operation,  maintenance,  and  repair  of  the 
ARBAT  system  by  Field  Engineers  stationed  at  the  YPG.  Until  January  1981, 
this  contract  included  a  minimal  amount  of  development  engineering  support 
to  assist  in  the  contract  and  make  minor  system  changes  to  improve  the 
system  capabilities,  solve  problems,  and  ensure  software  data  compatibility 
with  YPG  and  ARRADCOM  requirements.  This  contract  is  currently  in  operation. 
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In  October  1980,  ITT  Gilfillan  received  a  nine-month  program,  under  the 
BOA  Contract  DAA807— 77-A-6401  to  perform  a  Flat  Trajectory  Stuay.  This 
effort  included  a  one-month  test  program,  an  analysis  of  the  results,  a 
final  report  documenting  results  of  the  test/analyses  and  a  set  of 
recommendations  to  modify  the  ARBAT  system  compatibility  with  the 
requirements  for  testing  tank/antitank  munitions.  The  information  presented 
herein  consists  of  that  Flat  Trajectory  Study  Final  Report. 

1.3  ARBAT  SYSTEM  DESCRIPTION 


The  ARBAT  System  was  designed  to  fulfill  the  specialized  mission  of 
ballistic  anmunitions  testing  under  proving  ground  conditions.  The  system 
organization  and  functional  allocations,  necessary  to  provide  the  opera¬ 
tional  performance  required,  are  discussed  briefly  below.  Detailed 
descriptions  of  the  subsystems  and  their  specific  functions  are  described 
in  the  Final  Report  of  the  ARBAT  Development  Program,  under  Contract 
DAAA-21 -76-C-0546,  dated  February  1980.  A  detailed  discussion  of  all 
changes  to  the  system,  since  that  final  report,  is  presented  in  the 
following  section. 

In  general,  the  major  group  assemblies  are  housed  in  the  major 
subsystems  shown  in  Figure  1-1.  System  parameters  for  the  radar  are  shown 
in  Table  1-1.  This  system  hardware  has  not  been  modified  since  the 
Engineering  Development  Program.  The  software  has  haa  minor  modifications 
which  are  reported  in  the  following  subsections. 

The  ARBAT  radar  equipment  employs  a  pencil  beam  planar  array  antenna  to 
ensure  accurate  beam  positioning.  The  high  velocity  projectiles  are  tracked 
by  steering  the  antenna  electronically,  by  phase  control  in  elevation  and  by 
frequency  scan  augmented  by  mechanical  scan  in  azimuth. 

In  acquiring  a  target,  the  antenna  is  directed  towards  the  acquisition 
point,  held  at  a  fixed  elevation,  and  given  a  limited  azimuth  or  elevation 
scan  about  the  expected  acquisition  position  of  the  projectile.  To  acquire 
the  target,  the  radar  systems  must  have  seen  and  processed  information  from 
three  consecutive  scans.  After  acquisition,  the  target  is  tracked  by 
sequential  lobing.  The  derived  error  signals  are  used  to  command  phase 
shifters  in  the  antenna  and  the  selection  of  crystal  controlled  oscillators 
for  mixing  in  the  frequency  synthesizer  to  keep  the  pencil  beams  on  target. 
Tracking  is  thus  by  inertialess  electronic  steering.  The  azimuth  mechanical 
control  serves  only  to  keep  the  frequency  controlled  aperture  in  the 
vicinity  of  the  target  azimuth.  The  mechanical  azimuth  will,  in  general,  be 
adjusted  by  the  signal  and  data  processor  control  equipment  to  keep  the  beam 
in  the  center  of  its  range.  During  the  early  part  of  tracking  it  is 
expected  that  the  beam  will  be  away  from  this  central  position  until  the 
target  projectile's  angular  rates  have  decreased.  This  dual  system  of 
control  provides  high  rate  inertialess  control  with  an  economical  antenna 
design . 
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Table  I-l.  Functional  Performance 


Beam  Positioning  (Electronic) 

Azimuth:  7.7  degrees  minimum 

Rate  of  position  variation:  Limited  only  by  logic  state 
change  time,  signal  propagation  time  and  clock  rate  (22  MHz). 

Scan  Technique:  Frequency  variation  (Synthesizer  digital 
control) 

Elevation:  ±35  degrees  minimum 

Elevations  scan  technique:  Phase  control  via  diode  phase 

shifters  in  each  array  waveguide  section 

Azimuth  (Mechanical):  ±170  degrees  minimum 

Azimuth  rotation  rate:  40  degrees/sec^  minimum  (servo  control) 

Elevation  (Mechanical):  ±25  degrees  by  manual  tilt-back  (jack-screw  mechanism) 
Electrical  Specifications 
Frequency:  X-band,  9.3  to  10  GHz 
Scan  (Azimuth)  7.7° 

Scan  (Elevation)  ±35° 

Beam  size  at  center  frequency: 


Azimuth:  at  0a  elevation: 

0.55° 

at  ±35a  elevation 

0.673 

Elevation:  at  0*  elevation 

0.66° 

at  ±35°  elevation 

0.813 

Beam  Pointing  error  (electrical) 

Elevation 

0.37  mrad 

Elevation  beam  switching  time 

1.0  MHz 

Sidelobe  level  (at  center  frequency) 

Azimuth  <§>  Qa  elevation  scan 

-25  dB 

@  ±35°  elevation  scan 

-23  dB 

Elevation  @  03  elevation  scan 

-25  dB 

@  ±35°  elevation  scan 

-23  dB 

Terminal  Gain  @  0s  elevation  scan 

at 

center  frequency 

46.0  dB  min 

Note:  The  above  specification  is  based  on  an  average 
phase  shifter  insertion  loss  of  2.5  dB. 

Power  Capability:  30  kW  peak  Typical  (Minimum  25  kW) 

300W  avg  Typical  (Minimum  250  kW) 
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techniques,  using  pulse  compression  derived  from  a 
with  range  ana  frequency  ambiguity,  are  used  to 
meet  the  performance  requirements  for  tracking  range  and  tor  measuring 
radial  velocity  (by  Doppler  measurement).  Range  ana  Doppler  frequency 
tracking  are  performed  in  an  accurate  manner  by  developing  the  range  error 
and  frequency  error  signals  from  a  conventional  early/late  digital  range 
gate  tracker  and  a  split  FFT  filter  frequency  tracker. 

The  transmitter  and  receiver  comprise  a  fully  coherent  amplifier  chain 
controlled  by  a  frequency  synthesizer  tuning  over  a  wide  frequency  oand. 
This  configuration  is  required  to  satisfy  the  demands  of  frequency  scanning 
and  Doppler  data  extraction. 

Control  of  the  radar  system  is  accomplished  by  a  data  processing  system 
incorporating  a  GP  computer  that  operates  in  real  time  to  control 
acquisition,  tracking  ana  output  of  digital  data.  The  principal  output  of 
the  system  is  the  data  recorded  on  magnetic  tape  and  supplied  to  a  central 
computer  at  an  arsenal  or  munitions  proving  ground.  Monitoring  of  the  data 
obtained  on  a  test  round  is  available  in  real  time  by  means  of  a  graphic 
display,  with  an  internal  refresh  capability.  Hard  copy  of  this  display  is 
also  available. 

Radar  control  and  data  processing  functions  are  performed  by  an 
integrated  group  of  commercial  digital  equipment  which  is  housed  in  a 
25-foot  instrumentation  van.  The  central  item  of  this  group  of  commercial 
digital  equipment  is  a  General  Purpose  computer.  This  computer  has  a  hign 
speed  input/output  bus  serviced  by  high  speed  memories,  and  a  disk  memory 
system.  For  low  speed  processing,  a  separate  bus  interfaces  with  a  keyboard 
control  and  display  system.  The  functions  of  signal  processing  consisting 
of  time  weighting,  coherent  and  incoherent  signal  integration,  and  digital 
filtering  by  FFT  processing  are  performed  in  a  separate  programmable  array 
processor.  Support  software  and  diagnostics  are  supplied  with  the 
equipment. 

The  antenna  transceiver  subsystem  is  transported  on  a  special  low-bed 
vehicle  and  when  placed  on  a  prepared  pad,  a  solid  operational  structure  is 
formed.  The  low-bed  trailer  is  positioned  in  conjunction  with  a  raised 
reinforced  concrete  pad.  A  temporary  jack  system  transfers  the  load,  and 
the  bed  of  the  trailer  and  is  securely  bolted  to  the  pad. 

The  radar  displays,  controls,  and  signal  and  data  processing  subsystem 
are  installed  in  one  end  of  the  instrumentation  van.  A  duplicate  display  is 
installed  at  the  other  end  for  use  by  personnel  monitoring  the  tests. 
Adequate  space  is  available  around  the  equipment  racks  for  maintenance 
functions  and  future  expansion. 

1.4  CURRENT  SYSTEM  CONFIGURATION 


A  detailed  description  of  the  aRBAT  System  and  subsystem,  as  of  January 
1980,  is  contained  in  the  Final  Report  of  the  ARBAT  Development  Program 
under  Contract  DOAA-21 -76-C-0546.  A  description  of  the  changes  to  the 
system  used  for  the  Flat  Trajectory  Study,  testing  and  analysis  is  aescriDed 
in  this  section. 
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There  have  been  no  hardware  modifications  to  the  system  since  January 
1980  other  than  normal  maintenance  and  repair.  The  only  changes  noted  have 
been  minor  changes  to  the  real-time  tracking  program  and  major  changes  to 
tne  nonreal-time  analysis  software. 

Tracking  Program  Changes  -  During  the  period  January-May  1980  there 
were  two  minor  changes  to  the  tracking  program  to  correct  deficiencies  notea 
in  the  November  1979  ARBAT  Demonstration  Tests.  They  are  described  as 
follows : 

1)  Correction  of  Doppler  Velocity  Tracking  Algorithm  -  During  the 
demonstration  tests,  a  tracking  problem  was  detected  on  extremely 
high  QE  shots  (Q£  1200  mills).  This  problem  was  traced  to  tne 
inability  of  the  Doppler  tracking  algorithm  to  track  the  projectile 
when  the  radiai  component  from  the  projectile  to  the  raaar 
decreased.  That  is,  when  the  Doppler  velocity  passed  from  positive 
value  through  zero  velocity  to  a  negative  value.  This  problem  was 
corrected  and  the  ARBAT  System  currently  tracks  such  trajectories 
without  problems.  The  problem  was  corrected  by  means  of  the 
following  changes: 

a)  The  MTI  capability  of  the  radar  was  removed  for  elevations 
above  five  degrees  by  removing  all  purged  filters  except  filter 
zero  and  by  adding  the  capability  to  measure  received  signal 
frequencies  in  filter  zero  when  the  MTI  capability  was  removed. 

b)  Conversion  of  the  velocity  tracking  algorithm  from  an 
alphafilter  (zero  order)  to  an  alpha-beta  filter  (first  order). 

2)  Removal  of  CFAR*  Algorithm  during  RAP  Ignition  -  Following  the 
ARBAT  Demonstration  in  October  1979,  a  problem  was  discovered  while 
attempting  to  track  through  RAP  ignition.  The  RAP  trajectory  was 
lost  while  trying  to  track  through  the  ignition  event.  During 
ignition,  the  RAP  trajectory  was  lost  due  to  failure  of  the  CFAR 
algorithm  to  account  for  the  spectral  broadening  of  the  received 
signal  during  the  RAP  acceleration.  This  problem  was  corrected  by 
removal  of  the  CFAR  algorithm  when  the  received  signal  level  is 
greater  than  the  received  clutter  level. 

Analysis  Programming  Changes  -  Between  January  1980  and  March  1981 
several  changes  were  made  to  the  analysis  program  to  increase  the  processed 
data  accuracy,  to  add  new  variables  to  examine,  and  to  make  the  ARBAT 
analysis  tapes  compatible  with  the  YPG  Data  Processing  Center.  At  the  start 
of  the  Program  Enhancement  Program  (March  1981),  this  analysis  program  was 
modified  to  add  the  algorithms  necessary  for  event  detection  and  to  add  the 
event  printout  capability.  Since  the  January  1980  time  period,  the 
following  items  have  been  added  to  the  program: 


♦Constant  False  Alarm  Rate 


a)  Output  of  Radar  Coordinates  (range,  azimuth,  elevation,  Doppler 
velocity). 

b)  Addition  of  the  Summary  Bias  to  improve  calibration 

c)  Conversion  of  the  sample  rate  from  a  variable  rate  of  approximately 
50  milliseconds  to  a  sample  rate  of  exactly  50  milliseconds 
dependent  upon  the  YPG  range  timing  system  (to  be  able  to  compare 
AR8AT  data  to  other  YPG  instrumentation  data). 

d)  Adding  data  storage  of  data  samples  plus  and  minus  0.5  second  from 
the  current  time  sample  for  use  in  the  event  algorithm. 

e)  Addition  of  a  parabolic  impact  prediction  algorithm  using  the 
sorted  past  0.5  second  data. 

f)  Addition  of  Doppler  velocity  change  event  detection  algorithm  oasea 
upon  the  change  of  rate-of -change  of  the  Doppler  velocity. 

g)  Addition  of  the  BLUE*  Filter  data  estimation  algorithm  which  takes 
into  account  projectile  trajectory  changes. 

h)  Addition  of  the  event  printout  capability. 

Analysis  of  the  Flat  Trajectory  Tests  was  performed  using  the  event 
printout  capability  of  this  revised  analysis  program.  The  event  printout  is 
capable  of  detecting  and  reporting  on  the  following  events: 

a)  Gunfire  parameters 

b)  Track  acquisition 

c)  RAP  ignition 

d)  RAP  burnout 

e)  Projectile  reacquire 

f)  Unknown  events  (frequently  lost  track  or  loss  of  Doppler 
measurement) . 

g)  Impact  prediction. 

The  data,  which  are  output  for  each  event,  include  the  following 
variables : 

a)  Event  time  in  range  coordinates 

b)  Event  time  since  gunfire 


*BLUE  =  Best  Linear  Unbiased  Estimator 


1-10 


c)  Projectile  position  in  radar  coordinates  (range,  azimuth,  elevation) 

d)  Projectile  position  in  YAG  Range  Coordinates  (X-East,  Y-North, 
Z-Vertical ) 

e)  Projectile  position  in  gun  coordinates  (horizontal  range,  drift, 
altitude) 

f)  Projectile  true  velocity 

g)  Impact  extrapolation  time  (impact  prediction  event). 
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Section  2 


FLAT  TRAJECTORY  STUDY  PROGRAM 

Since  tank  warfare  was  initiated,  a  parallel  effort  in  antitank  warfare 
has  been  ongoing.  This  effort  has  resulted  in  antitank  munitions  of 
increasing  sophistication.  As  the  tank/antitank  munitions  increased  in 
complexity,  the  instrumentation  requirements  to  test  the  weapons  ana 
ammunition  also  became  more  complex.  Due  to  the  special  nature  of 
tank/antitank  warfare,  instrumentation  is  neeaea  which  has  been  specialized 
for  this  special  nature.  The  characteristics  of  tank/antitank  munitions, 
which  are  more  important  than  in  other  types  of  munitions,  are  as  follow: 

1)  Near  flat  trajectories  (QE  =  0-8  mils  =  0.5  aegree  elevation) 

2)  Hi velocities  (1500-2000  meters/secona) 

3)  Small  sizes  (75-105  millimeter  diameter) 

4)  Body  motions  (angle  of  attack,  precession,  spin). 

Early  methods  to  instrument  the  tank/antitank  warfare  testing  were 
quite  crude.  Techniques,  such  as  velocity  coils  and  solid  targets,  provided 
a  minimal  amount  of  data  only  at  a  particular  trajectory  point  ana  were 
easily  destroyed.  Early  radars  had  trouble  tracking  the  tank/antitank 
projectiles  due  to  clutter,  rapid  projectile  motions,  and  small  radar 
returns.  Optical  techniques  were  expensive  ano  could  not  acquire  ana  track 
projectiles. 

Development  of  the  AR8AT  Radar  System  in  1979,  and  its  early  successes 
in  tracking  low  trajectory  munitions,  led  to  questions  concerning  the 
appl icabi 1 ity  of  the  ARBAT  radar  to  tank/antitank  munition  testing 
instrumentation.  The  Flat  Trajectory  Study  is  the  outgrowth  of  those 
questions  concerning  the  ability  of  the  ARBAT  System  to  acquire,  track,  ana 
provide  trajectory  data  of  tank/antitank  munitions  along  their  trajectories. 

2.1  RADAR  PROBLEM 


The  "near  flat  trajectories"  of  tank/antitank  munitions  present  special 
problems  to  a  raaar  attempting  to  acquire,  track,  and  measure  accurate 
trajectory  information.  These  problems  all  involve  the  effects  of  the 
direct  radar  signal  received  during  the  radar-target-radar  signal  path  aue 
to  a  secondary  ground  reflection  path.  Unless  special  techniques  have  been 
designed  into  the  radar,  the  radar  cannot  be  used  to  acquire,  track,  an  a 
collect  information  when  the  main  radar  beam  is  intercepting  the  surface. 

When  the  radar  beam  intercepts  the  surface,  there  are  two  separate 
causes  of  problems  which  are  generated  as  mentioned  below. 

1)  Multipath  Effects  -  the  result  of  coherent  ground  scatter 

2)  Clutter  Effects  -  the  result  of  incoherent  ground  scatter. 
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The  effect  of  the  surface  upon  radio  waves  is  to  scatter  the  signal  in 
all  directions.  The  scattered  signal  can  be  decomposea  into  two 
components:  a  coherent  signal  where  the  scattered  signal  is  a  distorted 
replica  of  the  incoming  signal;  ano  an  incoherent  signal  where  the  phase  is 
not  preserved  and  tne  signal  appears  noise-like.  The  multipath  effect  on 
the  radar  signal  can  be  described  via  Figure  2-1  illustrating  the  geometry 
of  the  direct  and  scattered  coherent  signals  at  low  elevation  angles.  The 
received  signal  at  the  raoar  antenna  is  the  vector  sum  of  the  direct  radar 
return  and  the  radar  return  from  a  path  reflected  from  the  surface.  The 
coherent  sum  results  in  an  oscillating  constructive  ano  destructive 
interference  as  a  function  of  the  elevation  angle  of  tne  target  above  the 
surface  as  seen  from  the  radar.  As  the  elevation  angle  approaches  zero,  the 
scattering  surface  behaves  as  a  near  perfect  reflector  resulting  in  the 
complete  destructive  interference  of  the  composite  signal.  Figure  2-2 
illustrates  a  typical  multipath  signal  return  as  a  function  of  target 
elevation  angle. 

This  multipath  effect  contributes  to  a  raoar  systems'  inability  to 
track  properly  in  two  respects.  In  a  sequential  lobing  radar  such  as  the 
AR8AT  System,  the  received  signal  amplitude  is  tne  result  of  the  incoherent 
sums  of  two  lobes  spaced  slightly  apart  in  angle.  The  angular  position 
measurement  is  based  upon  the  difference  between  tne  signal  returned  from 
each  lobe  (normalized  to  the  received  signal).  If  the  raoar  is  lobing  in 
elevation  and  being  affected  by  multipath,  then  the  received  signal 
amplitude  follows  the  curve  in  Figure  2-2.  Since  the  ability  to  track 
accurately  is  dependent  upon  the  ratio  of  this  received  signal  to  its 
limiting  noise-like  component  (signal-to-noise  ratio),  the  raoar  loses  its 
tracking  ability  when  the  conerent  scatter  becomes  a  significant  destructive 
interference.  Even  more  important,  the  difference  Detween  the  lobing 
elevation  beams  becomes  grossly  affected  by  the  multipath  ano  can  no  longer 
be  used  to  determine  the  position  of  the  target  between  the  lobing  beams. 

The  effect  of  incoherent  scattering  or  ground  clutter  is  to  ado  a 
noise-like  component  to  the  incoming  signal.  This  clutter  generally  differs 
from  noise  only  in  its  first  and  secono-order  statistics,  nowever,  its 
effect  is  identical  to  front  end  thermal  noise  of  very  large  average  power. 
The  incoherent  scattering  may  also  be  decomposed  into  its  two  source  types, 

1)  incoherent  time  independent  scatters  (leaves/rain),  and  2)  incoherent 
time  dependent  scatters  (rocks/buildings).  Radar  design  techniques  such  as 
pulse  compression  can  be  utilized  which  use  the  time  independency  property 
to  reduce  the  clutter  effects. 

2.2  ARBAT  RADAR  LOW  ANGLE  COVERAGE 

The  initial  design  criteria  for  the  ARBAT  Raoar  System  were  the 
acquisition,  tracking,  and  measurement  capabilities  down  to  an  elevation 
angle  of  0.5  degree  above  the  surface.  All  tracking  oelow  the  0.5  degree 
elevation  was  to  be  accomplished  via  computer-driven  coasting 
extrapolation  from  past  data  until  a  predicted  impact.  To  accomplish  the 
operation  of  the  ARBAT  System  to  0.5-degree  elevation,  the  ARBAT  Kaoar  was 
designed  with  the  three  following  features  as  follows: 


1)  Small  beamwioth/low  sioelobe  antenna  design 

2)  MTI  processing  oaseo  upon  FFT  Signal  Processing 

3)  Pulse  compression. 


SIGNAL  LEVEL  EFFECTS  DUE  TO  MULTIPATH 


DIRECT 

RAY 


TARGET 


Figure  2-2.  Elevation  angle  0  , 
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The  10  x  12-foot  ARBAT  antenna  is  a  horizontally,  polarizeo,  X-oana 
planar  array  formed  by  167  closely  spaced  parallel  waveguide  sections.  Each 
section  contains  dual  radiating  slots  across  the  face  of  the  array.  The 
signal/coupling  was  designed  with  a  25  dB  Taylor  taper  for  low  sidebands. 
The  beam  formed  was  to  have  the  following  characteristics  (as  indicated  in 
the  ARBAT  Antenna  Test  Report  oateo  April  1578  under  Contract 
DAAA-21 -76-C-0546) : 

Azimuth  beamwidth  0.55  degree  (3  dB) 

Elevation  beamwioth  0.66  degree  (3  oB) 

1.2  degrees  (25  oB) 

Sidelobe  level  -22  to  25  oB  sidelobe  level 


Cross  polarization 


15  aB  at  80  degrees  away  from  main  beam. 


Figure  2-3  illustrates  the  midscan  elevation  beam  pattern. 

The  ARBAT  Radar  System  uses  an  MTI  processing  system  based  upon 

separating  the  spectral  components  via  a  16-point  FFT  of  the  time-weighted 
raoar  signal  rct.'^n.  A  measure  of  performance  of  an  MTI  processing  system 
to  separate  the  signal  from  a  strong  clutter  return  is  known  as  the  MTI 
improvement  fact-:  (I).  The  MTI  improvement  factor  is  defined  as  the 

signal-to-cl  ■■tter  at  the  output  of  the  MTI  system  compared  with  that 

at  the  input,  where  the  signal  is  understood  as  that  averaged  informally 
over  all  radial  velocities.  This  improvement  factor  is  limited  by  the 

statistics  of  tpe  clutter  and  by  system  parameters  ano  stabilities.  These 

items  of  concern  are  listed  following: 

1)  Clutter  Motion 

a)  Spectral  width 

b)  Antenna  scanning  rate 

c)  Mean  velocity  placement  within  the  MTI  passbano 

2)  Target  motions 

3)  Pulse  timing  jitter 

4)  Pulsewidth  j itter 

5)  Phase  stability 

a)  Transmitter 

b)  Synthesizer 
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Stray  signals  (source  spurs) 
Amplitude  instabilities. 


h'igure  2-.i  A  plot  of  the  two-way  antenna  /tat tern  using  an  MT1  calibration  reflector,  measured  at  YPG 


The  AR8AT  transmitter,  receiver,  ana  syntnesizer  subsystems  wnich 
determine  its  MTI  improvement  factor  were  providea  as  GFt.  These  subsystems 
were  originally  part  of  the  AN/TPQ-28  mortar  locating  raoar  ana  tneir  basic 
performance  capabilities  were  not  improved  for  the  ARBAT  application.  The 
current  ARBAT  has  an  MTI  improvement  factor  of  about  25  g8.  Tnis  value  is 
limited  by  its  transmitter  phase  stability  ana  synthesizer  spurs. 

The  ARBAT  System  was  designed  for  pulse  compression  using  an  11-bit 
Barker  code.  It  was  designed  for  approximately  10  dB  clutter  improvement  in 
rain  conditions.  Pulse  compression  proviaes  clutter  reduction  on  clutter 
which  is  statistically  independent  within  a  pulsewiath  as  is  normally  found 
in  rain  (and  possibly  in  RAP  exhaust  plumes).  Its  clutter  rejection  is 
limited  with  ground  clutter  to  scatter  by  the  vegetation  disturbed  by  the 
wind.  At  best,  one  would  expect  only  a  1-2  dB  improvement.  During  the  Flat 
Trajectory  Tests,  the  pulse  compression  processing  system  of  the  ARBAT 
System  was  not  in  operation. 
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FLAT  TRAJECTORY  STUDY  TESTS 


The  ARBAT  Raaar  System  nas  nao  very  limited  testing  with  low  trajectory 
projectiles  as  mentioned  in  Section  2.2.  In  addition,  there  has  been  no 
testing  of  the  tank/antitank  munitions  (high  muzzle  velocity,  90-105  mm 
diameter,  flat  trajectory  projectiles).  This  limited  testing  of  the  ARBAT 
System  for  low  trajectory  applications  caused  the  following  questions  to  be 
asked: 

1)  What  are  the  limitations  of  tne  current  ARBAT  System  to  track  the 
current  and  projected  future  tank/antitank  munitions? 

2)  Are  there  any  minor  (inexpensive)  changes  wnich  may  be  made  to  the 
current  system  which  would  signficantly  improve  its  capability  for 
tank/antitank  munition  instrumentation  applications. 

3)  What  major  changes  are  necessary  to  the  system  to  enable  it  to  be 
used  for  tank/antitank  munition  instrumentation  applications? 

4)  Will  any  proving  ground  or  ARBAT  test  procedure^)  change 
significantly  the  capability  of  the  ARBAT  System  to  track 
tank/antitank  munitions? 

To  obtain  answers  to  these  questions,  the  Flat  Trajectory  Study  was 
proposed  by  ARRADCOM  and  TECOM  at  YPG.  The  proposed  Flat  Trajectory  Study 
had  the  following  objectives: 

a)  Conduct  engineering  tests  at  Yuma  Proving  Ground  (YPG)  by  tracking 
with  the  ARBAT  radar  flat  trajectory  projectiles  fired  from  105  mm 
and  90  mm  guns. 

b)  Evaluate  the  test  data. 

c)  Make  recommendations  for  the  ARBAT  system  improvement. 

This  study  was  to  be  the  first  part  of  a  plan  to  modify  the  ARBAT  Radar 
System  for  tank/antitank  munitions  testing.  The  modification  plan  is 
composed  of  the  following  phases: 

1)  Flat  Trajectory  Study  (1980)  -  evaluate  the  system,  propose  cnanges. 

2)  Performance  Enhancement  Program  (1981)  -  make  minor  software 
changes,  make  proving  ground/ARBAT  procedure  changes. 

3)  RETROFIT  (1982)  -  make  major  cnanges. 


The  proposed  study  resulted  in  tr:e  Flat  Trajectory  Study  under  tne  oGA 
Contract  DAA307-77-A-o401  in  Gctooer  1980.  The  goal  or  tnis  study  «as  to 
determine  the  current  feasibility  of  using  the  ARBAT  System  for  tank/ 

antitank  munition  testing  ana  if  not,  to  determine  tne  changes  necessary  to 
make  it  compatible  with  those  requirements.  The  complete  SOW  for  the  Flat 
Trajectory  Study  is  included  nerein  as  Appendix  A.  The  wotk  was  to  oe 
accomplished  in  three  stages. 

1)  Initial  Test  Investigations  -  A  series  of  test  rounds  shall  be 
fireo  using  the  flat  trajectory  weapons  witn  the  weapon  aajusteG  to 
fire  at  relatively  high  elevation  angles.  After  these  initial 
rounds  are  fired,  the  weapon  elevation  angle  would  oe  gradually 
reduced  and  further  tracking  attempted  as  the  weapon  is  brought 
closer  to  its  normal  flat  trajectory  firing  position.  The  ARBAT 

raGar  system,  in  its  present  configuration,  will  De  exercised  to 
achieve  the  acquisition  and  tracking  of  the  aDove  targets.  At  the 
end  of  this  initial  test  period  the  results  will  be  reviewed  and 
the  data  developed  would  become  the  basis  for  the  next  step  in  the 
overall  effort. 

2.)  System  Study  and  Analysis  -  During  this  pnase  of  the  effort  the 

initial  test  data  obtained  in  part  1  will  be  thoroughly  evaluated 
with  respect  to  characterizing  tne  current  system  ana  to  specifying 
improvements  to  the  existing  system  througn  software  ana  hardware 
changes. 

3)  System  Improvement  Recommendations  -  During  this  phase  the 

improvements  to  the  existing  system  will  be  reviewed  ana  formally 
proposed.  A  careful  attempt  will  be  maae  to  separate  the 
minor/major  changes  in  both  hardware  and  software.  These  changes 

will  become  the  basis  of  a  final  deliverable  at  the  end  of  the 
phase. 

3.1  PRELIMINARY  TEST  PLAN 


During  late  August  ana  September,  1980,  several  meetings  took  place 
jointly  between  TECOM  (YPG),  ARRADCOM,  and  ITTG  representatives  concerning 
the  nature  of  the  proposed  flat  trajectory  tests.  These  meetings  resulted 
in  the  development  of  a  preliminary  test  plan  wnich  verified  previous  ARBAT 
demonstrations  and  test  results,  ana  then  tested  its  low  trajectory 
characteristics  using  antitank  90mm  ana  105  mm  munitions.  This  preliminary 
test  plan  is  enclosed  as  Appendix  B. 

The  low  trajectory  tests  was  to  be  conducted  by  first  establishing  tne 
AR8AT  capability  by  using  a  higher  QE  than  that  normally  used,  and  then 
lowering  the  gun  QE  until  the  ARBAT  System  could  no  longer  acquire  the 
target.  Once  the  lower  limit  of  the  QE  was  obtained,  the  acquistion  gate 
elevation  angle  would  be  lowered  until  its  minimum  was  reachea.  Gun  site  17 
was  agreed  upon  as  the  gunsite  which  would  minimize  the  azimuth  rate  during 
acquisition,  minimize  the  input  clutter,  ana  provide  an  explosion-proof 
shelter. 


3.2  FLAT  TRAJECTORY  TESTS 


The  Flat  Trajectory  Tests  took  place  on  five  seperate  cates.  During 
these  tests,  a  number  of  unexpectea  problems  relating  to  tank/antitanx 
munition  characteristics  appeared  wnich  causeG  severe  problems  in  the 
acquisition  ana  tracking  of  these  projectiles.  After  the  initial  set  of 
105  mm  firings  to  verify  tne  prevous  results  were  performea,  the  preliminary 
test  plan  became  difficult  to  follow.  Insteaa  of  following  the  test  plan, 
many  of  the  shots  were  used  to  explore  the  difficulties  in  tracking.  The 
type  ana  number  of  shots  taken  each  day  are  tabulated  in  Table  3-1. 
Expansion  of  the  data  is  presented  as  Table  3-11,  indicating  tne  qE  ana 
intercept  time  (and  elevation  angle).  An  additional  breakdown  of  the  data 
of  individual  shots  is  presented  in  the  reproduction  of  the  orgina) 
operational  Log  Notebook  presented  in  Appendix  C,  ana  tne  Gunfire  Event  Data 
are  presented  in  the  Event  Analysis  of  each  shot  is  in  Appendix  D. 
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Table  3-1.  Flat  Trajectory  Test  Items 


Date 

Target  (mml 

Velocity  (m/sec) 

Rounds 

Oct  29 

105 

494 

21 

90 

914 

20 

Oct  31 

105 

732 

20 

Nov  4 

105 

732 

20 

90 

914 

5 

Nov  7 

90 

914 

20 

Nov  21 

90 

914 

20 
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Table  3-U.  Itemized  Flat  Trajectory  Tests 


October  29  105  mm  VQ  =  494  m/s  LOF  =>  90J  Tilt  =  20J 


Rods 

Take 

Number 

QE 

Acquisition 

Time 

Acquisition 
Angle  O 

Malfunction 

Miss 

Lost 

T  rack 

Full 

4 

576-580 

600 

50 

1,35 

1 

1 

- 

2 

5 

581-585 

900 

180 

5,5 

- 

3 

- 

2 

5 

586-590 

1100 

400 

12.5 

- 

- 

- 

5 

3 

591-593 

300 

125 

1.63 

- 

2 

- 

1 

4 

594-597 

300 

225 

- 

1 

- 

3 

October 

29  90 

mm  VQ 

=  914  m/s 

LOF  *  85°  Tilt 

-  20 

Take 

Acquisition 

Acquisition 

Rnds 

Number 

OE 

Time 

Angle  (°) 

Malfunction 

Miss 

Lost 

Full 

3 

1-3 

300 

400 

, 

1 

2 

- 

- 

1 

4 

300 

500 

- 

- 

1 

- 

- 

1 

5 

300 

600 

- 

- 

1 

- 

- 

3 

6-8 

400 

600 

- 

- 

3 

- 

- 

3 

9-11 

400 

700 

- 

- 

2 

- 

1 

9 

12-20 

400 

500 

10.1 

- 

7 

2 

- 

October 

31  105 

mm  Vq 

=  732  m/s 

LOF  =  85°  Tilt 

=  20 

Rnds 

Take 

Number 

QE 

Acquisition 

Time 

Acquisition 
Angle  (° ) 

Malfunction 

Miss 

Lost 

Full 

4 

101-104 

300 

550 

5.9 

1 

_ 

3 

7 

105-111 

250 

550 

4.7 

- 

4 

1 

2 

2 

112-113 

200 

480 

3.9 

- 

- 

- 

2 

3 

114-116 

175 

520 

3.4 

- 

- 

1 

2 

1 

117 

150 

550 

2.6 

- 

- 

- 

1 

1 

118 

125 

520 

2.3 

- 

- 

- 

1 

1 

119 

100 

530 

1.67 

- 

- 

- 

1 

1 

120 

75 

520 

1.16 

- 

- 

- 

1 
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Table  3-11.  Itemized  Flat  Trajectory  Tests  (continued) 


November  4  105  mm  Vq  *  732  LOF  3  85  Tilt  3  20 


Rndj 

Take 

Number 

QE 

Acquisition 

Time 

Acquisition 
Anqle  (°) 

Malfunction 

Miss 

Lost 

Full 

2 

121-122 

200 

530 

389 

- 

- 

- 

2 

3 

123-125 

100 

500 

1.7 

- 

1 

2 

- 

3 

126-128 

150 

560 

2.6 

- 

- 

- 

3 

3 

129-131 

100 

500 

1.80 

- 

1 

- 

2 

5 

132-136 

SO 

480 

1.32 

- 

3 

1 

1 

4 

137-140 

70 

500 

1,20 

- 

4 

- 

- 

November  4  90 

mm  V 

0  >  914  LOF 

=•  853  Tilt 

=»  20° 

5 

21-25 

300 

500 

10.1 

- 

5 

- 

- 

November  7  90 

mm  V 

Q  =  914  m/s 

LOF  =  85' 

Tilt  =  20° 

Take 

Acquisition 

Acquisition 

Rnds 

Number 

QE 

Time 

Angie  C) 

Malfunction 

Miss 

Lost 

Full 

10 

26-35 

300 

800 

37 

- 

6 

2 

2 

3 

36-38 

200 

1560 

7.2 

- 

- 

1 

2 

2 

39-40 

100 

1350 

3.4 

- 

- 

2 

5 

41-45 

50 

1350 

1.52 

~ 

* 

3 

2 

November  21  90  mm 

VQ  *  914  m/s 

LOF  »  85° 

Tilt  *  20° 

Take 

Acquisition 

Acquisition 

Rnds 

Number 

QE 

Time 

Angle  C) 

Malfunction 

Miss 

Lost 

Full 

/ 

46-52 

200 

540 

4.8 

1 

2 

4 

2 

2 

53-54 

100 

620 

2.1 

- 

1 

- 

2 

6 

55-60 

60 

1.18 

1.80 

3 

2 

2 

1 

2 

61-62 

40 

190 

0.91 

- 

- 

2 

- 

3 

63-65 

35 

1740 

0.80 

- 

- 

3 

- 
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Table  3-11.  Itemized  Flat  Trajectory  Tests  ( Continued ) 


Legend 

Vq  =  muzzle  velocity  (meters/second) 

LOF  =  line  at  fire  -  degrees  from  VPG  North 

Tilt  =  mechanical  tilt  added  to  the  ARBAT  antenna 

Rnds  *  number  of  rounds  fired 

QE  =  quadrant  elevation  angle  -  mils 

Aq  Time  =  acquisition  time  from  gunfire  -  milliseconds  (set  by  operator) 

Aq  Angle  =  resulting  acquisition  elevation  angle  from  horizontal  plane  from  the  Radar 

Malfunction  =  equipment  malfunction  preventing  radar  acquisition  (gunfire  switch  did  not  function) 

Miss  =  no  attempted  radar  acquisition 

Loss  =  target  was  acquired  and  then  lost  in  track 

Full  *  full  track  of  target  trajectory  was  accomplished 


J  ”  / 


As  planned,  the  initial  portion  of  trie  Flat  Trajectory  Test  was  u$eo  to 
verify  previous  test  results.  The  previous  test  of  the  mRBAT  System  took 
place  on  25  January  1 980  when  the  test  plan  was  similar  to  test  plans  used 
for  testing  auring  October  and  December  1979.  During  this  time  penoG,  work 
was  performed  to  solve  one  of  the  prodems  witn  high  qE  shots.  This  was 
accomplished  and  demonstrated  auring  the  25  Uanuary  test  performance. 
During  this  portion  of  the  Flat  Trajectory  Tests  the  results  were  similar  to 
the  25  January  results,  except  that  there  were  a  few  more  misses  auring  tne 
testing. 

Following  these  demonstration  shots  the  low  QE  shots  were  startea. 
Immediately,  certain  problems  became  obvious.  Even  thcugn  the  system  was 
relatively  successful  with  the  higher  Qt  105  mm  shots,  the  ARBAT  System  was 
not  able  to  acquire  the  faster,  smaller,  lower  QE  shots.  A  considerable 
amount  of  time  was  spent  examining  the  data  ana  adjusting  parameters  (mainly 
res,  acquisition  angle  Uime),  ana  calioration  ^biases)  in  an  attempt  to 
analyze  ana  solve  tne  problems.  An  understanding  or  some  of  the  problems 
was  not  accomplished  until  midway  througn  the  test  firing  or,  SI  October. 
The  major  problem  during  this  acquisition  phase  were  extreme  sensitivity  in 
acquisition  of  the  faster  low  QE  shots  aue  to  tne  target  missing  the  center 
of  the  search  gate  volume.  This  sensitivity  is  aue  to  tne  limitea  time  in 
which  the  faster  target  is  in  the  search  gate,  anu  to  tne  limitea  elevation 
change  of  the  target.  It  was  founa  that  the  *RBAT  System,  auring  these 
tests,  haa  two  other  problems  whicn  were  not  apparent  before  tne  test. 

1)  At  that  time  the  angular  pointing  calibration  was  not  accurate  to 
the  required  G.2  degree. 

2)  During  a  shot  the  ARBAT  antenna  mechanical  tilt  coula  slip  by  as 
much  as  0.1°  -  0.2°. 

Once  a  good  calibration  had  oeen  mace  ana  tne  tilt  slippage  was  cheexea  ana 
corrected  after  every  shot,  the  acquisition  rate  of  the  target  improved 
significantly.  This  improvement  occurrea  during  tracks  IGB-110  of 
31  October. 

After  the  acquisition  problems  were  solvea,  an  attempt  was  made  to 
return  to  the  original  test  plan.  The  test  plan  was  followed  except  when  it 
was  found  that  the  system  required  recalibration.  Tnese  new  shots  at  lower 
ana  lower  QEs  resulted  in  new  problems  being  uncovered  which  were  heretofore 
unknown.  As  these  problems  became  known,  attempts  were  mace  to  solve  them 
or  to  reduce  their  effects. 

The  problems  which  had  the  greatest  impact  on  the  test  schedule  for 
later  test  days  were  the  difficulties  encountered  due  to  the  high  azimuth 
rate.  The  original  plan  was  to  reduce  the  acquisition  elevation  angle  at 
each  QE  until  the  acquisition  was  lost  aue  to  clutter.  Unrortunately,  the 
minimum  elevation  angle  was  not  caused  by  clutter,  but  oy  the  difficulty  of 
establisning  a  track  aue  to  the  azimuth  rate.  When  a  target  with  a  nign 
azimuth  rate  is  detected  ana  a  firm  track  is  estaolisnea  the  servo  cammanas 


are  initiated.  However,  due  to  tne  inertia  of  tne  antenna,  it  doesn't  Degin 
to  move  until  some  50  milliseconds  later  ana  does  not  catch  up  with  the 
target  for  some  400-500  mi  1 1 i seconas.  During  this  time,  the  azimuth 
tracking  is  accomplished  by  frequency  scan  -  the  azimuth  beam  is  moved  in 
the  azimuth  angle  by  changing  the  transmission  frequency.  For  a  fast  target 
this  rapid  frequency  change  can  cause  two  problems. 

1)  The  frequency  can  exceed  the  frequency  limits  which  can  De 
generatea  by  the  radar. 

2)  The  changing  frequency  causea  elevation  tracking  problems  aue  to 
cross  coupling  between  azimuth  ana  elevation  (beam  position 
interaction) . 

The  limiting  azimuth  scan  rate  was  about  12  degrees  per  secono.  This 
limiting  scan  rate  required  the  acquisition  range  to  be  set  such  that  tne 
acquisition  angle  was  well  above  the  elevation  angles  whicn  contain  clutter 
except  for  the  extremely  low  QE  shots,  thus,  the  minimum  acquisition  angle 
occurrea  at  the  test  firings  wnere  the  QE  was  35-40  mils. 

Once  a  good  track  was  established,  the  target  track  was  occasionally 
lost  aue  to  the  initial  noisy  measurement  of  the  frequency  ambiguity 
factor.  When  the  PRT  is  abruptly  changed  to  compensate  for  a  changing 
Doppler  frequency,  the  received  ambiguous  frequency  is  uncnangea  if  the 
correct  ambiguity  factor  is  known.  If  it  is  not  correct,  the  received 
ambiguous  frequency  occurs  at  another  frequency.  If  the  ambiguity  factor  is 
off  by  several  units,  then  the  change  of  the  ambiguous  received  frequency  is 
off  by  more  than  the  MTI  filter  bandpass  limits  and  it  could  be  in  the  blind 
zone. 


Once  the  signal  was  in  the  blind  zone  it  was  not  detected  ana  the 
target  track  was  considered  lost.  During  the  Flat  Trajectory  tests  the 
ARBAT  System  started  measuring  tne  ambiguity  factor  incorrectly  at  Doppler 
frequencies  in  the  neighborhood  of  45-50  kHz.  Above  70  kHz  Doppler 
frequency,  the  frequency  ambiguity  factor  error  was  large  enough  to 
occasionally  cause  the  received  ambiguous  Doppler  frequency  to  enter  the 
blind  zone  causing  loss  of  track. 


3.3  PROBLEMS  AND  POTENTIAL  SOLUTIONS 


Analysis  of  the  Flat  Trajectory  Test  results  indicate  that  the  primary 
problems  are  involved  in  the  target  acquisition  phase.  There  were  several 
types  of  problems  which  made  the  target  acquisition  difficult.  These 
problems  are  listed  as  follow: 


1)  The  acquisition  gate  was  not  centered  on  the  target. 

2)  The  rapid  azimuth  rate  caused  problems. 

3l  The  clutter  and  multipath  causea  problems. 


Tne  problems  involveG  with  the  acquisition  gate  not  being  centerea  are 
not  unique  to  the  acquisition  of  tank/antitanx  munitions.  However,  the 
small  target  elevation  change  with  a  fast  low  trajectory,  causes  the  radar 
to  be  more  sensitive  to  calibration  misalignment  in  acquisition  of  the 
target.  The  acquisition  gate  neeas  to  be  centerea  on  tne  target  within 
0.3  degree.  Causes  of  the  misalignment  are  listed  below. 

a)  Angular  Calibration  misalignment  0.5  degree 

b)  Mechanical  antenna  tilt  slippage  0.1  cegree 

c)  Possible  calibration  cnanges  due  to  temperature  changes  0.1  degree 

All  of  these  causes  of  the  misalignment  problems  have  been  corrected  througn 
better  operating  procedures  ana  calibration  techniques.  In  tne  October  31 
test,  the  mechanical  tilt  slippage  was  first  noted  during  the  following 
tests;  the  tilt  elevation  angle  was  verified  ana  corrected  Detween  firings 
which  corrected  the  problems  during  the  tests.  Shortly  after  the  Flat 
Trajectory  Tests,  mechanical  means  were  found  to  stabilize  tne  tilt.  There 
have  been  no  further  problems  since  then  with  the  mechanical  tilt  slippage. 

In  December,  a  new  procedure  was  implemented  which  greatly  improved  the 
calibration.  This  procedure  necessitated  the  addition  of  software 
corrections  so  that  differences  of  the  measured  position  of  calibration 
sources  from  survey  position  could  be  added  to  the  data.  This  corrected  the 
calibration  to  within  0.2  degree.  In  May,  during  a  set  of  PtP  tests,  a  new 
procedure  was  developed  to  improve  the  calibration  to  within  0.05  degree 
using  actual  motion  of  the  target  through  the  acquisition  gate.  This 
semiautomated  calibration  procedure  will  be  implemented  during  the  PEP 
program.  It  is  expected  that  the  new  procedure  will  automatically  correct 
for  angular  change  due  to  temperature  changes  during  the  day. 

Problems  with  clutter  ana  multipath  were  introduced  at  the  start  of 
Section  2.  Due  to  the  limitation  of  not  being  able  to  set  the  acquisition 
angle  at  a  low  value  (except  for  extremely  low  QE  shots)  because  of  the 
large  azimuth  rate,  little  test  data  was  gathered  on  the  effect  of  clutter 
on  the  acquisition  of  the  target.  As  shown  in  Section  4  for  the  ARBAT 
System,  the  multipath  effects  start  at  an  angle  of  0.9  degree  above  tne 
radar  horizon  which  correspond  to  an  elevation  angle  of  1.3  degrees  above 
the  horizontal  plane  at  YPG.  The  only  tests  that  could  have  been  effected 
by  multipath  were  those  shots  below  a  QE  of  80  mils  on  October  51  ana 
November  4,  for  the  105  mm  targets  and  those  below  a  QE  of  50  mils  for  the 
90  mm  targets.  The  results  of  these  firings,  as  indicated  in  Table  3- 1 1 , 
were  good  for  acquisition  angles  above  1.3  degrees  (excluding  those  initial 
shots  used  for  calibrating  the  day  of  testing)  ana  poor  for  acquisition 
angles  below  1.4  degrees.  At  0.9  degree  above  the  raaar  horizon  (surface; 
the  lower  elevation  beam  is  set  at  O.b  degree.  At  this  angle  the  amount  of 
clutter  energy  intercepted  is  about  4  dB  above  the  minimum  clutter 
intercept.  Thus,  at  the  angle  where  multipath  effects  begin,  the  clutter 
effects  are  just  starting  to  be  seen.  It  is  impossible,  at  this  stage,  to 
determine  whether  the  ARBAT  System  will  eventually  be  limited  by  clutter  or 
multipath  effects. 
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To  assist  in  reduction  of  problems  associated  with  multipath  ana 
clutter,  the  following  list  of  potential  cnanges  is  presentea. 

Multipath  Reduction 

a)  Increase  the  elevation  angle  of  the  lower  elevation  beam  by 

1)  decreasing  the  separation  of  tne  two  elevation  lobes; 

2)  offset  the  center  of  the  elevation  sequential  lobe  position 
above  the  expected  position  of  the  target, 

b)  Raise  the  position  of  the  gun  and  fire  it  so  the  grouno  surface  is 
lower  than  the  gun  position. 

Clutter  Reduction 


a)  Reduce  the  elevation  angle  of  the  lower  elevation  lobes  as  above. 

b)  Start  the  detection  process  when  the  target  is  expected  in  tne 
acquisition  gate  instead  of  at  gunfire  to  be  able  to  reauce  the 
acquisition  CFAR  threshold  level. 

c)  Improve  the  MTI  capability  of  the  system  by 

1)  increasing  the  number  pulses  per  frame; 

2)  improve  the  phase  ana  amplitude  stability  of  transmitter, 
synthesizer,  and  receiver. 

d)  Start  acquisition  in  tne  pulse  compression  mode. 

This  set  of  potential  solutions  is  discussed  further  in  Section  4. 
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Section  4 
ANALYSIS 

In  Section  2  the  report  briefly  describes  tne  radar  problems  present 
when  using  a  radar  to  acquire  and  track  a  near  flat  trajectory  close  to  the 
ground,  and  the  methods  by  which  the  ARBAT  System  was  originally  designed  to 
overcome  these  inherent  problems.  Section  3.2  oescriDes  some  of  the  test 
results  and  indicates  that  the  clutter  and  multipath  problems  were  not 
overcome  and  that  several  other  problems  appeared,  which  are  inherent  in  the 
ARBAT  System  when  trying  to  track  the  faster  tanx/antitank  munitions  were 
identified. 

This  section  describes  the  operation  of  the  ARBAT  Radar  attempting  to 
track  tank/antitank  munitions,  theoretically  and  practically,  using  the  test 
results  and  then,  analyses  of  each  of  the  recommendations  presented  in 
Section  3  for  solving  various  problems  described  in  the  Flat  Trajectory 
Tests. 

4.1  TEST  GEOMETRY 

All  tests  were  conducted  with  tne  ARBAT  Radar  in  its  fixed  position  and 
the  90  mm  and  105  mm  guns  fixed  in  position  at  YPG  gunsite  no.  17.  The 
diagram  of  this  resulting  geometry  is  shown  in  Figure  4-1.  The  gunsites  are 
located  approximately  680  meters  from  the  radar  at  an  angle  of  approximately 
112  degrees  from  YPG  North.  The  firing  line-of-fire  (LOF)  was  set  Dy  the 
YPG  safety  office  at  85  degrees  from  YPG  North.  This  resulted  in  an 
acquisition  gate  which  had  the  target  entering  from  the  right  side 
(southern)  and  traveling  to  the  left  (north).  As  mentioned  previously,  the 
acquisition  gate  was  set  so  that  the  azimutn  motion  of  the  target  was  not 
greater  than  12  degrees  per  second. 

Between  the  Radar  and  the  gun  there  is  a  slight  dip  in  the  surface 
level  such  that  the  gun  height  was  slightly  below  the  height  of  the  Radar 
resulting  in  an  elevation  angle  of  approximately  0.1  degree  from  the 
horizontal  plane  through  the  radar.  Beyond  this  dip,  the  ground  level  rises 
at  a  consistent  rate  such  that  the  horizon  angle  as  observed  from  the  radar, 
is  approximately  0.4  degree. 

The  acquisition  gate  size  is  given  as  the  range  gate  size  (120  meters) 
by  the  square  angle  produced  by  the  azimuth  and  elevation  beamwidths 
(0.5  x  0.7  degree).  The  linear  dimensions  depended  upon  the  acquisition 
gate  setting  (range).  The  closest  acquisition  range  was  1,020  meters 
resulting  in  a  gate  size  of  120  x  10  x  14  meters^). 

4.1.1  Relationship  between  Radar  Elevation  Angle  and  QE 

The  relationship  between  the  elevation  angle  to  set  the  acquisition 
gate  and  the  QE  angle  for  a  given  intercept  time  can  be  derived  using  the 
geometry  defined  in  Figure  4-1.  The  elevation  angle  is  given  by 
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Wnere  ZTR  =  V'T  sin  9Q  +  ZGR  -  l,2g  T: 

XTR  =  XqR  +  VT  cos  Oq  cos  t?G 

YTN  =  YGC  +  VT  sin  °G.  cos  dG 
T  =  acquisition  time 

V  ~  muzzle  velocity 
There  are  no  diagonal  effects 

defining  W  =  XGR  [XGR  cos  9q  +  YGR  sin  0G] 

The  equation  for  the  raaar  elevation  angle  oeccmes 

VT  sin  9g  +  ZGR  -  l/2g  T2 

tan  0R  - - 

[  Rgr2  +  2W  VT  cos  9g  +  V2T2  cos2  9q  )  1  2 


To  understand  this  relationsnip,  consider  the  normal  tank/antitank  munition 
case  using  the  following  conditions: 

1)  two-dimensional  geometry  =  90°  thus  (W  =  1 ) 

2)  horizon  angle  is  zero  (Zqr  =  0°) 

then  the  expression  becomes 

sin  9q->  VT  -  1  /2a  T2 
tan  0R  =  - - - 

RrG  +  VT  cos 


Assume  that  the  total  time  of  fliaht  (Tx 


. x j  is  twice  the  time 
maximum  altitude,  then  the  intercept  time  is  given  oy 


reach 


T  -  7  T  = 


2y  V  sin  9q 


where 


is  the  percentage  of  trajectory  not  traced. 
♦This  value  of  W  i s  useo  for  ease  of  reader. 
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2  V*  sill"  :)(-■ 

=  -  7(1-7)  =  sill  f)r  7  (1-7  I 
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If  we  limit  tne  conditions  to  lew  trajectories  (i-.  <  8  degrees)  ar,a 
insist  upon  acquiring  early  ana  tracking  most  of  tne  trajectory  \y  <<  ij  tnen 

2V-  6q~  7  0-7) 

=  - - -  =  TV  -/<  ]  -y )  9q 

s 

This  gives  the  relationship  as  to  the  reauirea  raaar  elevation  ancle  to  z~ 
aale  to  acquire  ana  track  100-y  percent  of  a  firing  at  a  C1-  of 

Using  current  YP6  conaitions 

R  =  700  meters 

V  =  1000  meters  per  second 

Y  =  0.1 

then 

dQ  =  42.86  dE  1/2 


where 

&E  is  in  degrees 
6q  is  in  mils. 

Typical  cases  cf  interest  are 

9g  =  21  mils  for  d£  =  0.7  degree 

(start  of  the  multipath  effects) 

9q  =  8  mils  for  9f  =  0.035  degree 

(current’YPG  Flat  Trajectory  Tests) 
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This  set  of  numDers  points  out  two  interesting  items  of  information. 


1)  The  analytical  results  indicate  that  the  Flat  Trajectory  Test 
results  are  in  the  neighborhood  of  the  theoretical  limits. 

2)  To  use  the  current  ARBAT  for  normally  Flat  Trajectory  Tests  (QE 
less  than  8  mils)  is  not  feasible. 

4.1.2  Radar  Antenna  Pattern 


The  effects  of  multipath  and  clutter  are  oepenaent  upon  raaar  energy 
being  reflected  from  the  ground  and  entering  the  main  antenna  beam  of  the 
raaar.  Figure  4-2  is  a  plot  of  the  two-way  antenna  pattern  measured  at  YPG 
using  an  MT I  calibration  reflector.  The  plot  illustrates  the  relative  power 
gain  of  the  antenna  (in  dB)  as  a  function  of  angle  off  of  the  mainbeam 
maximum.  In  this  plot,  the  measured  data  was  taken  in  phase  command  units  - 
called  beam  numbers  (0.0375  degree  =  1  elevation  beam  number)  centered  at  a 
beam  number  of  1026.5.  There  are  several  interesting  items  to  bring  to 
attention  from  this  diagram 

a)  3  dB  points  occur  at  ±4.5  beam  numDers  =  0.169  degree 

(3  dB  beamwidth  =  0.338  degree) 

b)  5.5  dB  points  occur  at  ±8  beam  numDers  =  0.30  degree 

(lobe  separation  cross  over) 

c)  6  dB  points  occur  at  9.3  beam  numbers  =  0.35  degree 

(6  cB  beamwidth  =  0.70  degree) 

=0.7  degree 

d)  32  dB  sidelobe  starts  at  12.5  beam  numbers  =  0.656  degree 

(beamwidth  at  sidelobe  =  1.3  degrees) 

4.1.3  ARBAT  Sequential  Lobinq 

The  ARBAT  Radar  System  uses  sequential  lobing  for  both  azimuth  and 
elevation  target  acquisition  and  tracking.  One  ARBAT  measurement  is  callec 
a  frame  and  consists  of  32  pulses  being  transmitted  and  processed.  These 
32  pulses  are  transmitted  to  two  differing  angles  (by  changing  the 
transmitted  frequency  for  an  azimuth  frame  ano  changing  the  phase  between 
arrays  for  an  elevation  frame)  in  an  alternating  manner.  Figure  4-3  shows 
the  sequential  lobing  for  the  elevation  frame.  If  the  target  is  expected  at 
an  elevation  angle  or,  then  the  two  elevation  loDes  are  placed  at  an  equal 
angle  of  a  e  above  and  below  the  expected  position.  The  signal  level  is 
observed  from  the  target  by  each  of  the  lobes.  A  normalized  ratio  is  formed 

_  SA  ~  SB 

SA  +  SB’ 


and  the  measurement  is  formed 


^measured  +  a  E 
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where 


E 

E 

E 

a 


+1  for  Sg  approximately  & 
0  for  =  Sg 
-1  for  S/\  approximately  & 


target  at 
target  at  Sr 
target  at  sg 


vernier  constant  for  the  antenna  and  lobe  separation 


At  angles  between  e^,  sg,  eg,  E  is  a  smoothly  varying  single  valuea 
variable. 


The  vernier  constant  a  is  normally  measured.  For  a  first  order 
approximation  it  is  given  by  a  =  as. 


The  accuracy  of  the  elevation  measurement  just  described  assumes  that 
if  the  antenna  is  pointing  at  the  target  then  the  amplitude  of  the  received 
power  is  the  same  at  all  elevations.  This  is  normally  true.  One  situation 
when  this  is  not  true  is  when  one  or  both  beams  acquire  signal  energy  from 
both  the  direct  patn  to  the  target,  and  one  which  is  reflected  from  tne 
surface.  This  is  the  case  when  acquiring  or  tracking  a  target  close  to  the 
ground  surface.  At  some  elevation  above  the  surface  the  lower  sequential 
lobing  beam  at  sg  will  start  receiving  this  reflected  energy  in  addition 
to  the  direct  wave.  This  will  cause  an  error  in  tracking  Decause  the 
measured  vernier  E  will  be  modified  by  the  reflected  signal  ano  is  not  be 
representative  of  the  position  of  the  target  Detween  the  lobes. 


To  initiate  a  track  on  an  acquired  target,  the  first  two  measurements 
were  used  to  derive  the  targets'  initial  position  measurements.  If  the 
received  power  was  dependent  upon  its  elevation  due  to  multipath  effect, 
then  the  initial  elevation  rate  was  established  not  by  the  position  of  the 
target  between  the  sequential  lobes,  but  by  the  interference  caused  by  the 
multiple  path  effect.  Thus,  the  position  of  the  initial  target  may  not  be 
bad,  but  the  targets  elevation  rate  could  be  in  error. 

Multipath  Analysis  -  As  mentioned  before,  multipath  problems  are  caused 
by  the  interference  of  the  direct  return  from  the  target  with  a  signal  from 
the  target  that  is  reflected  off  the  ground.  This  subsection  will  oescriDe 
analytically  this  interfering  effect  ano  calculate  the  errors  caused  to  the 
elevation  tracking  algorithms. 

Consider  the  geometry  describee  in  Figure  4-4.  There  are  two  signal 
paths  between  the  radar  and  the  target.  Assume  that  path  one  is  tne  direct 
path  and  the  radar  is  centered  along  the  proper  elevation  angle  of  tne 
target  ©].  The  radar  is  also  receiving  signal  energy  along  path  two  at  an 
elevation  of  &2.  The  amplitude  of  the  received  signal  is  given  by 


f  *  [/(9i)  +  pf(e2)  e-J“ 


where 


F ( ©■  1 )  is  the  signal  received  from  eievation  g(®j)  =  1  since  we 
assume  the  radar  elevation  is  directed  toward  the  target. 

F ( ©2 )  is  tfle  signal  received  from  path  2  and  is  equal  to 

g(»l  -  »o) •  when 

g(*)  is  the  radar  two  way  antenna  pattern  (Figure  4-2) 


is  the  amplitude  of  the  reflected  signal 
a  is  the  phase  of  the  reflected  signal  =  (typed  on  composer) 
j)  *  is  a  phase  change  caused  by  the  reflection 
s  *  difference  on  path  length  Detween  path  1  ana  2. 
for  a  low  elevation  angle  8  ^  2hj  sin  9 


2  =  1 


0  =  -rr 

thus  the  signal  power  received  as  a  function  of  elevation  angle 

i/o  2,rhl 

F2(&)  =  1  -  glU(d)  — —  sin  0 

For  these  Flat  Trajectory  Tests 

x  =  0.0322  meters 

hj  =  0.4  meter 

g(s)  a  given  in  Figure  4-2 

The  corresponding  result  for  F^(&)  is  given  in  Figure  4-4  in  aB  versus 
elevation  angle  above  the  radar  horizon  (ground  surface  angle  at  the 
reflection  point).  This  figure  indicates  that  multipath  effects  did  not 
start  until  the  lower  antenna  beam  was  about  0.7  degree  above  the  horizon. 
The  signal  has  one  minimum  and  maximum  excursion  and  tnen  rapidly  decreases 
to  zero  when  the  target  is  at  the  same  elevation  as  the  ground  surface. 

The  cancellation  effect  of  the  multipath  did  not  have  a  serious  effect 
until  the  elevation  angle  was  close  to  0.1  degree  above  the  ground  horizon. 
However,  an  analysis  of  the  angular  measurement  error  showed  serious 
problems  below  0.7  degree. 
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To  calculate  the  measurement  error,  consider  the  normal  ARBAT  acquisition 
procedure. 


1)  Assume  that  the  true  position  of  the  target  is  always  midway 
between  the  sequential  lobes. 

2)  The  sequential  lobes  are  +  0.3  degree  apart  and  the  measurement  is 
given  by 

e  =  0.3  E 

3)  Then  E  should  be  equal  to  zero,  ana  the  error  is  then  given  Dy 

_  SA  "  SB 


4)  S/\  and  Sg  are  given  by  Figure  4-4  for  the  various  elevation 

angles. 

The  multipath  angular  error  is  given  by  Figure  4-5  which  plots  the  angular 
elevation  error  in  degrees  versus  elevation  angle.  Notice  that  the  error 
became  noticeable  at  an  elevation  angle  of  1.0  degree  above  the  horizon 
(1.4  degrees  true  elevation)  and  the  measurement  did  not  meet  specification 
at  elevations  lower  than  0.7  degree  above  the  horizon  (1.1  degrees  true 
elevation).  There  is  one  area  at  about  0.45  degree  above  the  horizon 
(0.85  degree  true  elevation)  which  had  a  smalt  level  of  multipath  angular 
error. 


The  elevation  tracking  loop  will  have  a  severe  problem  attempting  to 
acquire  the  target  at  elevation  angles  between  0.8  and  0.55  (1.2  degrees  and 
0.95  degree  true  elevation).  According  to  Figure  4-5,  the  error  switches 
sign  in  this  region.  A  trajectory,  wnich  is  passed  through  the  acquisition 
gate  in  a  normal  manner  (increasing  its  elevation  with  time),  experienced 
errors  in  measurement  such  that  the  trajectory  appeared  to  be  decreasing. 
The  radar  then  predicted  the  next  elevation  position  closer  to  the  ground 
causing  the  radar  to  move  away  from,  and  lose  the  target. 

4.1.4  ARBAT  Detection 


The  ARBAT  System  uses  a  CFAR  (Constant  False  Alarm  Rate)  detector  to 
determine  whether  the  signal  is  present  or  not.  This  is  accomplished  by 
calculating  an  adaptive  threshold  value  on  which  to  base  this  detection 
criteria.  In  the  ARBAT  System,  the  adaptive  threshold  is  based  upon 
estimating  the  noiselike  signal  by  averaging  the  spectral  filters  which  do 
not  contain  either  clutter  or  signal.  The  threshold  is  then  set  by 
multiplying  this  average  residual  level  by  a  known  value  determined  by  the 


R'O 
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requirement  to  maintain  track  anc  data  accuracy.  The  scaling  factor  is 
determined  by  the  false  alarm  rate  required  by  tne  system  to  operate.  The 
relationship  is  given  by 


S  1 

a  target  is  present  of  S  >  In  — 


Currently,  the  ARBAT  System  uses  tne  following  threshold 

acquisition  80 

tracking  50. 

To  be  able  to  track  properly,  experience  has  shown  that  the  signal  to 
residual  ratio  must  be  above  16  dB.  The  residual  level  is  determined  either 
by  the  convolution  of  the  system  instabilities  with  the  largest  of  either 
the  signal  level  or  clutter  level,  or  by  the  system  noise  level,  wnicnever 
is  larger.  For  acquisition  of  a  low  QE  target,  the  clutter  will  generally 
set  the  residual  level. 

4.1.5  Clutter 


The  amount  of  clutter  energy  in  the  received  signal  is  dependent  upon 
the  amount  of  clutter  seen  by  the  main  antenna  beam.  Consider  the  antenna 
pattern  presenteo  in  Figure  4-3.  A  rough  indication  of  this  clutter  level 
is  given  by  calculating  the  ratio  of  antenna  power  intercepting  the  surface 
to  the  power  received  from  tne  target  centered  at  the  center  of  tne  antenna 
beam.  The  amount  of  clutter  is  given  by 


G(0)  »  K  / 


g(fl)  B(fl)  dfl 
R(0) 


where 

g (0)  =  antenna  pattern  of  Figure  4-3 

810)  =  1  wnen  0  intercepts  the  surface  and  0  elsewhere 

R<?  =  range  from  the  raaar  to  the  point  of  surface  interception 

K  =  various  factors  corresponding  to  the  Deamwiotn  ano  pulsewicth. 

Tms  calculation  is  plotted  in  Figure  4-6,  a  plot  of  clutter  (dB)  received 
(normalized  to  a  =  90  degrees)  as  a  function  of  elevation  angle.  Tnis  plot 
snows  that  the  clutter  effects  are  not  noticeable  until  an  elevation  angle 
of  0.6-0. 7  degree  above  the  ground  surface. 

To  take  both  multipath  and  clutter  into  consideration,  tne  received 
signal/residual  ratio  becomes 

Si gnal/residual 

K  F(0):M 
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where 


M  =  MTI  improvement  factor  taking  into  account  the  system 
instabilities  ana  processing  gain. 

K  =  Constant,  taking  into  account  the  various  nonchanging 
parameters  of  the  radar  system. 

The  ratio  Q ( © ) 2  F^(e) /C(&)  is  plotted  as  Figure  4-7  ana  is  a  comoination 
of  Figures  4-4  and  4-6.  Since  this  is  a  relative  plot  of  aB  vs  elevation 
angle  it  can  be  used  to  give  an  indication  of  the  effect  that  system  changes 
can  produce. 

The  best  the  ARBAT  System  was  able  to  accomplisn  in  tne  Flat  Trajectory 
Tests,  were  several  tracks  at  QEs  of  35-40  mils  with  an  acquisition  angle  of 
0.8-0. 9  degrees.  This  level  indicates  tne  known  limits  of  clutter. 

4.2  MULTIPATH  REDUCTION  TECHNIQUES 


a)  Increased  the  elevation  angle  with  respect  to  the  target  by 
decreasing  the  separation  between  the  two  elevation  looes. 

At  this  time,  the  separation  between  the  elevation  looes  was 
j+0.3  degree  corresponding  to  a  crossover  of  about  5.5  dB.  It 
should  have  been  possible  to  decrease  this  separation  to  a 
crossover  of  3  dB.  This  corresponded  to  a  separation  of  the 
elevation  lobes  of  +0.17  degree,  wnich  corresponded  to  an 
improvement  of  0.13  degree. 

b)  Offset  tne  center  of  the  tracking  looes  so  that  the  target  is 
closer  to  the  lower  beam. 

The  measurement  accuracy  of  the  sequential  loping  techniques  was 
only  good  to  two  beam  numbers.  Thus,  one  would  not  want  to  attempt 
to  be  any  closer  than  the  two  beam  numbers  to  the  lower  oeam,  ana 
thus,  this  technique  corresponded  to  an  improvement  of  about 
0.07  degree. 

These  two  techniques  should  have  allowed  the  acquisition  to  occur 
approximately  0.2  degree  closer  to  the  ground.  This  should  have 
provided  an  improvement  out  it  was  not  sufficient  to  eliminate  tne 
problem.  If  multipath  is  the  limiting  problem,  these  techniques 
would  not  provide  sufficient  improvement.  In  order  to  use  the 
system  as  currently  required  for  low  QE  testing  (QE  =  8  mils).  To 
take  part  in  current  operations  Section  4.1  indicates  that  the 
lower  beam  must  be  within  0.03  degree  of  the  horizon.  This  was  not 
possible  with  operation  procedures  at  this  time. 
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Figure  4-7.  Combined  Multipath  and  Gutter  Effects 
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c)  Use  in  elevated  g..ri  position. 

One  solution  was  to  remove  tne  re*  icct  surface.  Tnt  best  method 
to  remove  surface  scatters  *as  to  raise  tr.e  gun  to  a  neignt 
consideraDly  higher  than  the  scattering  surface.  7ms  was 
accomplisnea  by  naving  a  firing  site  on  a  mil  or  oiuff  firing 
horizontally  away  from  tnem.  Tms  removec  dotn  tne  clutter  anc 
multipath  problems.  Tne  neignt  noeoea  above  tne  reflecting  surface 
was  given  py 

H  =  R  sin  d  min  =  0.0  lo  R 

where 

d  min  =  elevation  above  surface  where  multipath  effects  start  =  0.9  degree 
R  =  Range  of  Acquisition  Point  to  Radar. 


4.3  CLUTTER  REDUCTION 


4.3.1  Multipath  Reauction  Techniques 

All  tnree  techniques  mentioned  in  Section  -+.2  to  reduce  tne  multipatn 
problems  reduced  tne  clutter  effect.  Figure  4-7  indicates  tnat  an  increase 
in  tne  lower  elevation  beam  position  of  0.2  degree  corresponcs  to  tne  siignt 
clutter  reduction  of  1.0  aB.  Removal  of  the  scattering  surface  cy  firing 
from  a  raised  position  removed  tne  clutter  effect. 


4.3.2  Use  Pulse  Compression  during  Acquisition 


The  use  of  pulse  compression  curing  acquistion  reduced  the  clutter  ov 
another  1-2  dB.  However,  this  was  impractical  due  to  tne  small  range  gate 
size  (15  meters)  used  in  pulse  compression.  At  a  Doppler  velocity  of  1 00G 
meters  per  second  the  target  remained  in  the  range  gate  for  only 
15  milliseconds.  Since  the  acquisition  algorithms  need  tne  frames 
(approximately  25  milliseconds)  to  acquire  the  target,  there  was  not 
sufficient  processing  time. 


4.3.3  Delay  Processing  until  Acquisition  Time 


Delaying  the  acquisition  (search)  processing  until  approximately  tne 
time  the  acquisition  took  place  allowed  one  to  use  a  lower  threshold  value, 
since  the  false  alarm  rate  could  be  higher.  A  change  from  tne  current 
acquisition  threshold  of  30  to  a  track  threshold  of  50  allowed  detection  to 
occur  at  wide  beamwidths  of  the  antenna.  This  alioweo  use  of  a  nigner 
elevation  beam  for  lower  clutter  intaxe  ano  better  detection  criteria.  This 
corresponded  to  about  0.1  degree  improvement. 


4.3.4  Increase  Pulses  per  Frame 

During  the  PEP  program,  the  tracxing  software  may  oe  changed  • 
the  transmission  and  processing  of  an  increased  number  of  ouises  per 
The  -lumper  of  pulses  was  douolea  or  Quadrupled.  Eacn  ocual  mg  tv  •  .  :  •  •• 
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of  processed  pulses  improves  the  MTI  improvement  factor  oy  a  factor  of 
tnree  aB.  This  corresponded  to  tie  c i utter  improvement  octaincu  Dy 
increasing  t.ne  lower  beam  by  0.2  degree  (however,  nc  multipath  improvement 
occurred) . 

The  problem  with  coupling  the  nuinoer  of  pulses  per  seconc  during 
acquisition  was  that  the  target  could  enter  ana  leave  the  acquisition  gate 
before  acquisition  occurred.  If  the  number  of  pulses  was  qoudIsg,  tne  AR'r 
remained  the  same,  and  in  azimuth  beamwiatn  was  0.5  degree;  then  tne  maximum 
permissible  azimutn  rate  was  10  degrees  per  second.  Tnis  xas  a  hi^ner 
azimutn  rate  than  the  ARSAT  System  had.  This  made  use  of  an  increase  in  the 
number  of  pulses  per  frame  not  worthwnile  unless  the  PRT  could  be  increased. 

4.3.5  Improve  the  System  Stability 

The  current  transmitter,  receiver,  and  frequency  synthesizer  were 
cesignec  and  constructed  in  the  late  1 960 ' s  as  part  of  the  AN/TPQ-26  nacar. 
Tne  measured  MTI  improvement  factor  was  25  cB.  These  equipment  elements 
will  be  reconfigured  curing  the  RETROFIT  program.  Normal  design  procedures 
ana  modern  components  snould  result  in  a  system  MTI  improvement  factor  of 
40  OB.  This  would  reduce  the  effect  of  clutter  by  To  cB  wnicn  curresponcea 
to  an  increase  of  the  lower  elevation  beam  of  0.5  degree.  Tne  clutter  level 
will  be  low  enough  to  not  affect  the  system  when  compared  to  tne  multipatn 
problems  which  are  not  affected  by  the  system  staoiiity  improvement.  There 
are  no  reasons  to  add  tne  additional  expense  to  cesicn  MTI  improvements 
better  than  40  c8  in  the  transmitter,  receiver  ana  frequency  synthesizer. 

The  following  table  is  a  list  of  the  changes  recommenced  to  improve  tne 
AR3AT' s  capability  to  test  low  trajectory  tank/antitanx  munitions. 

Table  4-1.  Recommended  Changes  ro  ARSA  T 


Change 

Problem* 

Type 

Improvement 

When 

Cost 

Raise  the  gun 
position 

CM 

procedure 

great 

immediately 

slight 

Reduce  Tracking  Lobe 
separation 

CM 

software 

slight 

PEP 

slight 

Offset  Tracking 

CM 

software 

slight 

PEP 

slight 

Increase  pulses  per 

frame 

C 

software 

slight 

PEP 

moderate 

Reconfigure  Transmitter, 
RCVR,  synthesizer 

C 

hardware 

moderate 

retrofit 

hign 

Delay  Time  of  start 
of  processing 

C 

software 

slight 

PEP 

slight 

"ProM-ms  C  -  Clutter 

M  =  Multipath 
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CONCLUSIONS 

The  goal  of  the  Flat  Trajectory  Study  was  to  determine  it  tne  Current 
ARBAT  System  could  ce  used  for  tank/anti  tank  monition  testing,  ana  if  not, 
what  changes  are  necessary? 

The  existing  AR3AT  Radar  System  can  oe  used  to  track  anc  evaluate 
tank/antitank  ammunition  at  YPG  if  the  test  conf iguration  is  designed  to 
minimize  the  ARBAT  low  coverage  imitation  of  multipath  ana  clutter. 

Tne  Flat  Trajectory  Test,  its  analysis,  ana  theoretical  analysis 
indicated  that  the  ARBAT  System  is  limited  Dy  azimuth  tracking  prooiems  due 
to  nigh  azimuth  rate  required  in  the  higher  QE  firings,  anc  by  multipath 
caused  angular  errors  for  near  flat  trajectory  tests  to  an  elevation  angle 
of  0.9  degree  aoove  the  ground  surface.  Theoretical  considerations  indicate 
tnat  this  limits  the  testing  to  firings  with  QE  angles  above  20  mils,  whicn 
is  a  considerably  higher  QE  than  currently  useG  for  tne  standard  YPG 
tank/antitank  munition  tests  ana  snows  tnat  the  ARBhT  cannot  oe  useo  for 
current  tests. 

Assuming  that  the  high  azimuth  rate  tracxing  problems  can  be  resolved, 
the  multipath  angular  errors  are  seen  to  be  tne  limiting  factor  in  using  the 
ARBAT  for  tank/antitank  munition  testing.  There  are  two  software  changes 
which  would  help  lower  the  minimum  angle  by  0.2  degree  to  a  value  of 
0.7  degree.  These  are  as  follow: 

1)  Reduce  the  separation  between  tne  elevation  sequential  lobes 

2)  Track  in  an  offset  mode  with  the  target  closer  to  the  lower  ueam. 

Both  of  these  solutions  are  straightforward  ano  should  be  considered  wnen 
time  permits. 

The  primary  solution  for  use  of  the  ARBAT  System  for  tank/anti tanx 
munition  testing  is  to  operate  the  testis)  in  a  manner  where  the  reflecting 
surface  is  removed.  A  simple  method  of  accomplishing  this  at  YPG  would  oe 
to  reverse  the  direction  of  firing.  Since  the  norizon  nas  a  slant  of 
0.4  degree,  this  would  reduce  the  minimum  raaar  elevation  angle  from 
1.3  degrees  to  0.5  degree.  However,  this  still  will  not  solve  the  problem. 
The  best  solution  is  to  fire  the  weapon  from  a  raised  position  such  that  the 
true  elevation  angle  of  the  reflecting  surface  is  greater  tnan  0.9  +  0.3  = 
1 . 2  degrees. 

It  was  not  possible  to  obtain  a  gooo  idea  of  the  effect  of  clutter  on 
the  acquisition  of  the  target  due  to  the  high  azimuth  rate  and  multipath 
prooiems.  The  solutions  presented  in  tne  previous  paragraphs  will  nelp  to 
reduce  the  clutter  problem.  In  audition,  tne  use  of  mooern  design  tech- 
niaues  ana  components  should  improve  tne  FIT  I  improvement  factor  by  some 
10-15  dB. 
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Section  6 

RECOMMENDA  TIONS 


Section  b 


RECOMMENDATIONS 

I  do  not  recommend  making  extreme  and  expensive  changes  to  the  new 
receiver,  transmitter  and  synthesizer  since  acquisition  ana  tracking  of 
tank/antitank  munitions  appears  to  be  limitea  by  multipath  ana  not  clutter. 

However,  the  following  table  is  a  list  of  recommendea  changes  to 
improve  the  ARBAT's  capability  to  take  part  in  tank/antitank  munitions 


studies. 

Change 

Problem* 

Type 

Improvement 

when 

Cost 

Test  the  gun  off 
of  a  bluff 

CM 

procedure 

great 

immeai ately 

si ight 

Reduce  taking 
separation 

CM 

software 

s 1 ight 

PEP 

slight 

Offset  tracking 

CM 

software 

si ight 

PEP 

si i gnt 

Increase  pulses 
per  frame 

C 

software 

slight 

PEP 

moderate 

Reconfigure 
transmitter,  RCVR 
synthesizer 

C 

hardware 

moderate 

RETROFIT 

moderate 

Delay  time  of 
start  of 
processing 

c 

software 

slight 

PEP 

slight 

♦Problems 

C  =  Clutter 

M  =  Multipath 
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R.4DAR  SYSTEM  FLAT  TRAJECTORY  STUDY 
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CONTINUATION  SHEET 

PART  I I -THE  SCHEDULE 

SECTION  F-DESCRIPTION/ SPECIFICATION 

F.l  SCOPE  OF  WORK  I— OBJECTIVES 

SCOPE  OF  WORK 
FOR 

AN  ARBAT  RADAR  SYSTEM 
FLAT  TRAJECTORY  STUDY 

1.  OBJECTIVES 


1.1  The  contractor  shall  devote  his  resources  and  facilities  for  a 
period  not  exceeding  9  months  to  provide  the  following  engineering 
services: 

*  a.  Conduct  engineering  tests  at  Yuma  Proving  Ground  by  tracking 
with  ARBAT  radar  flat  trajectory  projectiles  fired  from  105mm  gun. 

b.  Evaluate  the  test  data. 

c.  Make  recommendations  for  the  ARBAT  system  improvement. 

1.2  The  ARBAT  radar  system,  delivered  by  the  contractor  ITT  Gilfillan, 
-Inc  to  the  government' during  the  previous  phase  of  this  program,  will 
be  provided  for  use  to  the  contractor  as  a  Government  Furnished 
Equipment.  Projectiles  to  be  tracked  will  be  provided  by  the 
government  (Yuma  Proving  Ground). 


CONTINUATION  SHEET 
PART  I I —THE  SCHEDULE 
SECTION  F-DESCRIPTICN/SPECIFICATION 
F.1  SCOPE  OF  WORK 

II-PROCEOURE 

1.  This  program  will  involve  field  testing  the  AR3AT  prototype  radar 
system,  analyzing  the  test  results  and  making  recommendations. 

2.  Initial  Test  Investigation.  The  contractor  shall  conduct  tests  at 
the  Yuma  Proving  Ground  using  flat  trajectory  weapons,  to  be  fired  in 
anti-tank  configuration  and  attempt  tracking  with  the  ARBAT  system  in 
its  present  configuration. 

3. '  System  Study.  During  this. phase  the  contractor  shall  study  and 
analyze  the  test  results  and  system  performance. 

4.  System  Improvement  Recommendations.  During  this  phase  the 
improvements  to  the  existing  system'shall  be  considered  in  detail  and 
the  necessary  changes  to  the  system  for  tracking  of  the  anti-tank,  flat 
trajectory  ammunition  will  be  recorded. 
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PART  II-THE  SCHEDULE 

SECTION  F-OESCRIPTICN/SPECIFICATION 

F.l  SCOPE  OF  WORK  III-REQUIREMENTS 

III-REQUIREMENTS 

1.  The  work  under  this  contract  shall  be  performed  in  accordance  with 
the  following  requi regents  and  in  accordance  with  any  other  terms, 
conditions  and  requirements  as  may  be  reflected  herein: 

2-  Initial  Test  Investigations 


A  series  of  test  rounds  shall  be  fired  using  the  flat  trajectory 
weapons  with  the  weapon  adjusted  to  fire  at  relatively  high  elevation 
angles.  After  these  initial  rounds  are  fired  then  the  weapon  elevation 
angle  would  be  gradually  reduced  and  further  tracking  attemoted  as  the 
weapon  is  brought  closer  to  its  normal  flat  trajectory  firing 
position.  The  AR2AT  radar  system,  in  the  present  configuration  shall 
be  exercised  to  achieve  the  intercept  and  track  of  the  above  targets. 
At  the  end  of  this  initial  test  period  the  results  shall  be  reviewed 
and  the  data  developed  would  become  a  basis  for  the  next  step  in  the 
overall  effort. 

The  Government  shall  provide  the  anti-tank  ammunition  test  firings, 
the  timing  of  which  shall  be  coordinated  with  the  availability  of  the 
ARBAT  Radar  for  these  flat  trajectory  tests.  The  number  of  test  round 
‘firings  used  for  this  study  shall  be  based  on  the  above  equipment 
availability  during  the  scheduled  program  period  for  these  tests. 

« 

3.  System  Study  and  Analysis 


During  this  phase  of  the  effort  the  initial  test  data  obtained  in 
F.l. III. 2  will  be  thoroughly  evaluated  with  respect  to  characterizing 
the  current  system  and  to  specifying  improvements  to  the  existing 
system  through  software  and  hardware  changes. 

4.  System  Improvement  Recommendations 

During  this  phase  the  improvements  to  the  existing  system  will  be 
reviewed  and  formally  proposed.  A  careful  attempt  will  be  made  to 
separate  the  minor/major  changes  in  both  hardware  and  software.  These 
changes  will  become  the  basis  of  a  final  deliverable  report  at  the  end 
of  this  phase,  stating  system  improvement  recommendations  to  be 
incorporated  in  future  ARBAT  Systems. 
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TEST  PROGRAM  PLAX 
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10/7/ 30 


TEST  PROGRAM  PLAN 


FLAT  TRAJECTORY  PHASE  I 


Test  to  be  conducted  at  YPG  utilizing  ARBAT  System.  Test  tentatively 
scheduled  for  the  week  starting  October  20,  1980,  this  date  based  upon 
availability  of  ARRADCOM  funding  to  be  made  available  to  ITTG  prior  to  the 
above  start  date. 


Gun  Site  #16  have  been  reviewed  and  chosen  for  the  Flat  Trajectory  Study. 
105MM  &  90mm  have  selected  as  most  applicable  ammunition  to  be  utilized. 

45  round  are  requested  for  the  first  days  firing  program.  Firing  should 
begin  at  8:30  a.m. 

20  Rounds  of  105  mm 
25  Rounds  of  90  mm 
The  following  firing  table  applies: 

105mm  (STD) 

Warm  up  rounds  -  as  prescribed  by  firing  officer 

AZ  =  90° 


Subject  to  availability 


#  of  RD's 

Charge 

JUL 

5 

#7 

600 

5 

#7 

900 

5 

#7 

1200 

5 

#7 

300 

90mm  (Anti  Tank) 

(FTE  90-N-2) 

5 

300 

5 

250 

5 

200 

5 

175 

5 

150 

IM 


( 


1 0/ 7/30 


TEST  PROGRAM  PLAN  CONTINUED 


Procedure: 

1.  W.E.  Oevereux  will  be  the  designated  ITTG  Test  Director  and  responsible 
for  Technical  Direction. 

ITTG  personnel  will  start  one  hour  early  on  this  day  and  follow  normal 
pre-fire  menu  and  set  up  tables. 

3.  ITTG/Government  personnel  will  insure  that  communi cation  network  and  gun 
fire  switching  is  operational. 

4.  Radar  will  be  operational  and  tracking  will  be  attempted  on  warm  up 
rounds. 

5.  Firing  officer  should  plan  for  five  minutes  between  each  round. 

6.  ITTG  Test  Director  (W.  Devereux)  can  specify  longer  or  shorter  intervals 
as  firing  progresses. 

7.  It  is  anticipated  that  if  the  radar  is  adequately  tracking  the  first 
three  rounds  of  any  one  (group)  QE  that  the  ITTG  Test  Director  can 
ccmmur”‘cate  with  the  firing  officer  and  proceed  to  next  QE  if  desired. 

8.  In  the  event  the  radar  is  not  tracking  as  anticipated,  the  ITTG  Test 

Director  will  communicate  with  the  firing  officer  and  request  a  delay 

in  the  firing  program  and  approximate  the  timing  delay  required  to 

affect  a  software/hardware  change. 

9.  It  is  expected  that  the  firing  program  will  proceed  smoothly  and  with¬ 
out  Interruption  barring  some  unforseen  catastrophe. 

10.  Data  from  this  test  will  be  analyzed  by  ITTG  Personnel  and  results 
transmitted  to  the  Government  Representatives. 

11.  ITTG  Test  Director  will  communicate  with  YPG  Personnel  and  schedule 
succeeding  test  for  this  Flat  Trajectory  Study. 
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ARB  AT  OPERATIONAL  LOG  BOOK 
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